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The 3′ non-translated regions (NTRs) of mRNAs of eukaryotes and their viruses often contain translational enhancers (TEs). Blackcurrant
reversion nepovirus (BRV) has a genome composed of two uncapped polyadenylated RNAs with very long 3′ NTRs, nucleotide sequences of
which are very conserved between different BRV isolates. In this work, we studied a role of the RNA2 3′ NTR in translation, using mutagenesis of
the firefly luciferase reporter mRNA, in protoplasts of Nicotiana benthamiana. The RNA2 3′ NTR was found to contain a cap-independent TE (3′
CITE), which must base pair with the 5′ NTR to facilitate translation. The BRV 3′ CITE and poly(A) tail provided a major contribution to
translational efficiency, with less input from other 3′ NTR parts. The BRV 3′ CITE does not share similarity in nucleotide sequence and secondary
structure with other viruses and thus represents a new class of 3′ CITE.
© 2006 Elsevier Inc. All rights reserved.Keywords: Translation; Translational enhancer; 3′ non-translated region; Translational efficiency; RNA secondary structureIntroduction
Efficient translation of most eukaryotic mRNAs, containing
the 5′ cap structure (m7G(5′)ppp(5′)N) and 3′ poly(A) tail,
requires mRNA circularization, according to the closed-loop
model of translation initiation (Gallie, 1998; Kahvejian et al.,
2001). This circularization is provided through binding the cap
and poly(A) tail by the eukaryotic translation initiation factor 4E
(eIF4E) and poly(A)-binding protein (PABP), respectively
(Gallie, 2004; Kapp and Lorsch, 2004; Marintchev and Wagner,
2004; Merrick, 2004; Wells et al., 1998). RNA circularization is
proposed to contribute to functional synergy between the cap
and poly(A) tail (Gallie, 1991, 1998). Apart from the cap and
poly(A) tail, the 5′ and 3′ non-translated regions (NTRs) of the
mRNA play important roles in translational regulation, being
either enhancers or modulators of translation (de Moor et al.,
2005; Kean, 2003).⁎ Corresponding author. Fax: +358 2 3335549.
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doi:10.1016/j.virol.2006.06.028Many viral RNAs lack either a cap structure or a poly(A) tail
or both. Nevertheless, they are efficiently translated, due to
proposed formation of alternative RNA closed-loop structures
(Dreher and Miller, 2006; Gallie, 2004; Kean, 2003; Kneller et
al., 2006; Miller and White, in press; Thivierge et al., 2005). For
instance, direct base pairing between the 5′ NTR and 3′ NTR is
essential for translation from uncapped/non-polyadenylated
RNAs of Barley yellow dwarf virus (BYDV) (Guo et al.,
2001) and Tomato bushy stunt virus (TBSV) (Fabian andWhite,
2004, 2006). Functional cooperation between the 5′ and 3′
NTRs, not involving base pairing, has been proposed for
uncapped/non-polyadenylated RNAs of Satellite Tobacco
necrosis virus (Meulewaeter et al., 1998) and hepatitis C virus
(Bradrick et al., 2006). However, the 3′ NTRs of other viral
RNAs lacking the poly(A) tail, like Tobacco mosaic virus
(Leathers et al., 1993), Alfalfa mosaic virus (Krab et al., 2005;
Ryabova et al., 1993), Red clover necrotic mosaic virus
(Mizumoto et al., 2003) and Turnip yellow mosaic virus
(Matsuda et al., 2004), contain 3′ translational enhancers (3′
TE), independent on the 5′ NTR. Translation of capped/non-
polyadenylated RNA of dengue virus is conferred by
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favoring cap-dependent translation (Chiu et al., 2005; Holden
and Harris, 2004) but requires cooperative functioning of the
NTRs when cap-dependent translation is blocked (Edgil et al.,
2006). For uncapped/polyadenylated RNAs of picornaviruses,
the closed-loop structure is proposed to be formed through
protein-mediated interaction between an internal ribosomal
entry site (IRES) in the 5′ NTR and the poly(A) tail (Bergamini
et al., 2000; Svitkin et al., 2001). However, picornaviral
translation has been recently shown to depend on the 3′ NTR
(Dobrikova et al., 2003, 2006; Lopez de Quinto et al., 2002).
Yet, translational stimulation is only one of various
functions performed by viral 3′ NTRs, including, e.g. their
involvement in the minus strand RNA synthesis, genome
packaging, RNA stability and RNA intracellular targeting
(Dreher, 1999). In agreement with this, the 3′ NTRs of some
viral RNAs contain elements that modulate and even down-
regulate translational activity, like in the case of West Nile
virus (Li and Brinton, 2001). This may reflect the involve-
ment of the NTRs, for instance, in a switch between
translation and RNA replication during a viral life cycle
(Gamarnik and Andino, 1998).
A role of the NTRs in translational regulation of
representatives of the Comoviridae family has been under
debate (Belsham and Lomonossoff, 1991; Thomas et al.,
1991; Verver et al., 1991). For viruses from the Nepovirus
genus of this family, it has not been studied at all.
Blackcurrant reversion virus (BRV) is a recently isolated
mite-transmitted virus, belonging to the subgroup c of the genus
Nepovirus, in the family Comoviridae (Lemmetty et al., 1997;
for a brief review, see Susi, 2004). It has a genome composed of
two positive-sense RNAs, each of which has a poly(A) tail at
the 3′ end and, most probably, a small viral protein covalently
linked to the genome (VPg) at the 5′ end, instead of a 5′ cap
(Fig. 1). RNA1 is 7711 nucleotides (nt), and RNA2 is 6405 nt
long (Latvala-Kilby and Lehto, 1999; Pacot-Hiriart et al., 2001).
Each of the two RNAs encodes for one large polyprotein,
proteolytically cleaved by the viral protease into mature
proteins, although most of the sites of this cleavage are still
not revealed (Latvala et al., 1998). By analogy with the other
nepoviruses, a protein product of RNA1, polyprotein 1, is
suggested to contain the domains for protease co-factor,Fig. 1. Genome organization of BRV. The genome elements are indicated by
open arrows: ORFs (boxes); NTRs (lines); (A)n, poly(A) tail (horizontal dashed
lines); putative VPg (circles). The BRV polyprotein 1 is predicted to be cleaved
into: CoPro, protease co-factor; NTB, nucleotide-binding protein; VPg, viral
protein genome-linked (a gray box); CysPro, cysteine protease; RdRp, RNA-
dependent RNA polymerase; and the polyprotein 2 into: X, protein X; MP,
movement protein; CP, coat protein.nucleotide-binding protein, VPg, cysteine protease and RNA-
dependent RNA polymerase (Pacot-Hiriart et al., 2001). RNA2
is a message for polyprotein 2, supposed to comprise the
domains for X protein with undetermined function, movement
protein and coat protein (Latvala-Kilby and Lehto, 1999). The
5′ NTRs of RNA1 and RNA2 are quite short (66 and 161 nt,
respectively) and do not share substantial sequence similarity
(Latvala-Kilby and Lehto, 1999; Pacot-Hiriart et al., 2001). At
the same time, the 3′ NTRs are very long: 1360 and 1363 nt for
RNA1 and RNA2, respectively. Their sequences are very
conserved between RNA1 and RNA2 of the sequenced Type
isolate (94.8% identity), as well as between ten field isolates
(Lehto et al., 2004).
In this work, we examined a role of the 3′ NTR and poly(A)
tail of BRV RNA2 in translational regulation.
Results
Gene expression activity of reporter RNAs with the wild-type 3′
NTR of BRV RNA2 and its deletion mutants
To investigate a putative role of the 3′NTR of BRV RNA2 in
translation, we designed the constructs with the firefly
luciferase (fluc) reporter gene, allowing sensitive detection of
the expression pattern. The construct 2F2-A50 (Fig. 2A)
contained the fluc gene flanked by the authentic RNA2 5′
leader and RNA2 3′ NTR followed by the poly(A)50 tail, native
3′ element of BRV RNAs. The clone 2F2 was devoid of the
poly(A) tail. We also created the deletion mutants lacking
specific RNA regions while preserving the rest of the 3′ NTR
and the poly(A) tail (Fig. 2A).
The corresponding RNAs were electroporated into proto-
plasts of Nicotiana benthamiana, previously shown to be a
laboratory host species for BRV (Lemmetty et al., 1997).
Eliminating the poly(A) tail from the wild-type 2F2-A50
RNA reduced expression 4.2-fold (Fig. 2B, mutant 2F2).
Deletion of the 3′ NTR region A2 (nt 5043–5148) resulted in
14% FLUC expression, when weighed against 2F2-A50 (Fig.
2B, mutant A2-A50). The mutant with the eliminated stretch
B2 (nt 5149–5575) was characterized by the 62% FLUC
level of that for the wild type (Fig. 2B, mutant B2-A50).
Removal of the C2 segment (nt 5576–6058) generated 41%
FLUC expression, in comparison to 2F2-A50 (Fig. 2B, mutant
C2-A50). Finally, the mutant lacking the region D2 (nt 6059–
6405) exhibited FLUC production that was 66% of the wild
type (Fig. 2B, mutant D2-A50).
These results demonstrate the importance of the poly(A) tail
and the regions C2 and, especially, A2, for expression from the
fluc reporter mRNA, and less contribution from the other 3′
NTR segments.
The region A2 is required for cap-independent translation
In order to find elements of the RNA2 3′ NTR, required for
cap-independent translation from the fluc mRNAs, we esti-
mated the effect of the m7G cap on in vivo FLUC expression
from different RNA constructs. Such a test, including the
Fig. 2. Effect of the RNA2 3′ NTR and poly(A) tail deletions on FLUC expression in N. benthamiana protoplasts. (A) Schematic representation of the 2F2-A50
construct and restriction sites used for producing the mutants. A2, B2, C2 and D2 indicate different deleted regions. The T7 promoter is depicted by a small black box.
Numbers correspond to nucleotide positions in RNA2. Other designations are as in Fig. 1. (B) In vivo FLUC expression from different mutants. FLUC activity was
measured following cell lysis 6 h after electroporation with 5 pmol of the indicated transcript, as described in Materials and methods. The mutants are named according
to the deleted regions; see panel A. Black bars, uncapped mRNAs; gray bars, capped mRNAs. The columns and bars represent the means and standard deviations,
respectively, for three independent experiments, with each protoplast electroporation performed in triplicate. The expression from 2F2-A50 RNA is set at 100%. (C)
Time-course analysis of in vivo FLUC expression. The graphs show time-course accumulation of FLUC produced from indicated RNAs after electroporation into N.
benthamiana protoplasts. The values for translational efficiencies and mRNA functional half-lives (t1/2), determined as described in Materials and methods, are
presented in the table. RLU, relative light units.
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commonly used to reveal elements that are required for cap-
independent translation of naturally uncapped viral RNAs and
that can be replaced functionally by the cap (Mizumoto et al.,
2003; Shen and Miller, 2004).
The addition of a 5′ cap to the wild-type 2F2-A50 increased
the FLUC amount 5.2-fold (Fig. 2B). Similar level of stimulation
by the cap, 410% and 560%, was observed for the mutants B2-
A50 and D2-A50, respectively. However, in case of the deletion
mutant A2-A50, the cap enhanced the FLUC expression 27.8-
fold, and the FLUC level not only reached, but even exceeded
that of uncapped wild-type 2F2-A50 (Fig. 2B). For C2-A50 and
2F2, the cap stimulated expression 1.7- to 1.9-fold, compared to
the corresponding uncapped transcript (Fig. 2B). From these
results, we conclude that the region A2 is required for cap-
independent expression from the reporter mRNA.
Analysis of functional stabilities of the fluc mRNAs
The distinct FLUC expression levels, observed for the
different transcripts, described above, could stem from eitherdifferent translational efficiencies (i.e. the rates of protein
synthesis) or, alternatively, distinct mRNA stabilities. To
distinguish between these two possibilities, we performed a
time-course analysis of FLUC accumulation for the selected
RNAs. We chose to analyze mRNA functional stability as a
parameter allowing to monitor even one to several nucleotides
losses, if functionally important, while the Northern blotting is
not able to detect such small changes. Thus, this approach can
distinguish between translationally active and inert mRNA
pools, and it has been successfully used in translation studies
(Chiu et al., 2005; Gallie, 1991; Krab et al., 2005; Leathers et
al., 1993; Matsuda and Dreher, 2004; Matsuda et al., 2004).
Functional half-lives (functional stabilities) and translational
efficiencies of mRNAs were calculated, as described in
Materials and methods.
In experiments with N. benthamiana protoplasts, elimina-
tion of the poly(A) tail reduced translation rate 3.9-fold, with
minor effect on mRNA stability (Fig. 2C). Deleting the region
C2 resulted in the translational efficiency, which was 52% of
that for 2F2-A50, and the mRNA functional stability was 79%
of the wild-type level. Removal of the stretch A2 primarily
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with 2F2-A50), with marginal effect on mRNA half-life (Fig.
2C). The mutants B2-A50 and D2-A50 exhibited minor
reduction in both protein synthesis rates and mRNA
stabilities.
These data suggest that the region A2 is the most
important 3′ NTR determinant of high translational effi-
ciency, being a 3′ cap-independent translational enhancer (3′
CITE). The segment C2 and poly(A) tail are also important,
although quantitatively they provide less contribution to the
translational efficiency, compared to A2.
A contribution of base pairing between the 5′ leader and 3′
NTR of RNA2 to translational regulation
Inspection of nucleotide sequences of the 3′ and 5′ NTRs
revealed the existence of two pairs of complementary segments
with a potential for base pairing between the RNA2 NTRs (Fig.
3A). First, the region A2 contained a stretch 9C3′ (9-nt
complementary sequence of the RNA2 3′ NTR), including nt
5057–5065, which had a putative capacity to base pair with the
segment 9C5′ (9-nt complementary sequence of the RNA2 5′
NTR), composed of nt 14–22. Second, the region C2 harbored a
stretch 6C3′ (6-nt complementary sequence of the RNA2 3′
NTR), comprising nt 6045–6050, which had a potential of base
pairing with a part of 9C5′ (nt 17–22) (Fig. 3A). All the three
stretches were located mostly in loop parts of predicted stem-
loops (SLs): 5′ SL (in the 5′NTR) and conserved SLs, SL-1 and
SL-14, identified earlier in the 3′NTR (Karetnikov et al., 2004),
correspondingly. The SL-1 and SL-14 of RNA2 were conserved
between 10 and 11 BRV isolates, respectively (Fig. 3A).
In order to test whether putative interactions between the
complementary sequences in the 5′ leader and 3′ NTR of RNA2
contribute to translational regulation of the reporter fluc
mRNAs, we designed the mutants lacking the corresponding
RNA regions (Fig. 3C). Thus, the constructs 9C3′-A50, 6C3′-
A50 and 9C5′-A50 contained substitution of one of the three
complementary stretches, mentioned above, and hence would
have a compromised base pairing potential within either of the
two pairs of the complementary regions. In all three mutants, the
corresponding complementary sequence was replaced by
AUCGAU, representing the ClaI restriction site (see Fig. 3C
and Materials and methods).
In experiments with N. benthamiana protoplasts, the RNA
6C3′-A50 exhibited 43% FLUC level, compared to the wild type
(Fig. 3D). However, mutation of the stretches 9C5′ and 9C3′
decreased expression to 1.2% and 13%, correspondingly,
relative to 2F2-A50 (Fig. 3D). The construct 9C5′/9C3′-A50,
having the restored base pairing potential between the NTRs,
although containing modified complementary sequences (Fig.
3C), was characterized by 214% FLUC production of that for
2F2-A50 (Fig. 3D).
The 5′ cap stimulated expression from the 2F2-A50 and
9C5′/9C3′-A50 RNAs 5.2-fold and 5.4-fold, respectively (Fig.
3D). Nevertheless, adding the 5′ cap to the 9C3′-A50 and 9C5′-
A50 RNAs produced 12.6-fold and 86.7-fold stimulation,
correspondingly, and the FLUC levels exceeded that ofuncapped wild-type 2F2-A50 (Fig. 3D). Expression from the
RNA 6C3′-A50 was increased to 162% by the cap.
Time-course analysis of FLUC production showed that
substitution of the regions 9C5′ and 9C3′ affected mainly
translational efficiency, diminishing it to 4.3% and 19%, res-
pectively, with much less decline in mRNA functional stability,
to 30% for 9C5′-A50 and 68% for 9C3′-A50 (Fig. 3E). Likewise,
restoration of the 5′ NTR–3′ NTR base pairing in the double
mutant 9C5′/9C3′-A50 augmented primarily translational effi-
ciency (to 184% of the wild type), only slightly altering mRNA
functional half-life (Fig. 3E).
These results suggest that the base pairing interaction
between the complementary regions of the BRV 5′ and 3′
NTRs, i.e. between 9C5′ and 9C3′, substantially contributes to
translational stimulation of the reporter fluc mRNA conferred
by the BRV 3′ CITE. Based on these data and the predicted
secondary structure of the 3′ CITE region (Fig. 4), we propose a
model of base pairing between two “kissing stem-loops”, 5′ SL
and SL-1, for RNA2 of the Type BRV isolate (Fig. 4).
Similarly, we predicted a base pairing potential between the
5′ and 3′ NTRs of RNA1 for the Type BRV isolate (Fig. 3B).
Potential complementary interactions between the 5′ and 3′
NTRs of other nepoviruses
On the nucleotide sequence level, the NTRs of different
members of the genus Nepovirus do not possess any consensus
elements, which would be common for all the species (Mayo and
Robinson, 1996). Despite of such absence of absolutely
conserved sequences, we detected putative 5′–3′ base pairing
potential between the 5–15 nt complementary regions located
mostly in the loop parts of corresponding predicted SLs forNTRs
of both RNA2 and RNA1 of all analyzed nepoviruses (Fig. 5). In
most nepoviruses, the 5′SLs contained stems formed by (A)n and
(U)n stretches (Fig. 5). The 5′ SLs were located in similar
positions in different nepoviral RNAs, except that of Peach
rosette mosaic virus (PRMV) RNA1 shifted downstream from
the 5′ end. The 5′ SLs of Grapevine Anatolian ringspot virus
(GARSV), Tobacco ringspot virus (TRSV) and Tomato ringspot
virus (ToRSV) were enlarged, compared to other viruses. The
RNA1 5′ NTR of Cycas necrotic stunt virus (CNSV) contained
four almost identical SLs,with a potential of base pairingwith the
same 3′ SL. The 3′ SLs contained short motifs shared between
only some nepoviruses. The 3′ SLs of all nepoviral RNAs were
located at the 5′ ends of the 3′ NTRs (Fig. 5).
Discussion
The 3′ NTR of BRV RNA2 contains a CITE, which must base
pair with the 5′ leader for functioning
As considered above (see Introduction), the 3′ NTRs of viral
RNAs of different types often contain 3′ TEs. However, studies
of the 3′ TEs of viruses, having uncapped/polyadenylated
RNAs, have been scarce so far, and understanding a role of
these elements in viral translation is only beginning to emerge.
For instance, the stem-loop domain Z of the coxsackievirus B3
182 A. Karetnikov et al. / Virology 354 (2006) 178–191(CBV3) 3′ NTR and its structural analog in the 3′ NTR of
human rhinovirus type 2 has been shown to determine cell-type-
specific activity of a type 1 picornavirus IRES (Dobrikova et al.,
2003). Furthermore, function of a type 2 picornavirus IRES is
stimulated separately by the 3′ NTR and poly(A) tail of foot-
and-mouth disease virus (Lopez de Quinto et al., 2002). At leastfor CBV3, a molecular mechanism of translation stimulation by
the 3′ NTR has been partially revealed. The CBV3 3′ NTR has
been proposed to serve at the termination step as a sequence-
independent spacer separating ribosomes from PABP (Dobri-
kova et al., 2006), in accordance with a previous hypothesis for
cellular mRNAs (Tanguay and Gallie, 1996a).
Fig. 4. Schematic representation of the proposed interaction between the 5′NTR
and 3′NTR of BRVRNA2. Base pairing between the 5′ SL and SL-1 is depicted
by dashed lines. The 3′ NTR structure includes the 3′ terminal part of the coding
sequence of BRV polyprotein 2, but very similar structure was obtained with the
FLUC coding region (not shown). The stop codon is circled. Numbers
correspond to nucleotide positions in RNA2.
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are expected to contain determinants important for their cap-
independent translation. Using the fluc reporter constructs and
the 3′ NTR mutants, we studied a putative role of the RNA2
3′ NTR of the BRV Type isolate in translational regulation in
vivo. We found that the region A2 (nt 5043–5148) was
crucial for translational stimulation, being the 3′ TE (Fig. 2).
We found that two nucleotide stretches of the 3′ NTR,
located in the SLs, were complementary to the same segment in
the 5′ SL (Fig. 3A). Base pairing between 9C5′, which resided
in the 5′ NTR, and 9C3′, comprised in the region A2, was
required for maximal cap-independent translational stimulation
of the reporter fluc mRNA with the BRV NTRs.
However, replacement of the stretch 6C3′, located in the
region C2, showed less decrease (to 43%) in FLUC expres-
sion, similar to that observed upon deletion of the whole C2
(compare Figs. 3D and 2B). This implies that base pairing
between 9C5′ and 6C3′ may not be as important for expres-
sion as 9C5′/9C3′, although we cannot completely rule out a
possibility of 9C5′/6C3′ base pairing.
The 3′ CITEs have been observed in a number of uncapped
viral mRNAs (see Introduction), but only in some of these
systems translational stimulation has been proven to involve
direct base pairing between the 5′ leader and 3′ NTR (reviewed
in Miller and White, in press). This is the case for BYDV
(Luteoviridae) (Guo et al., 2001) and TBSV (Tombusviridae)
(Fabian and White, 2004, 2006). Similar base pairing has been
also predicted for other members of the Tombusviridae family,
like Tobacco necrosis virus A (TNV-A) (Meulewaeter et al.,
2004), TNV-D (Shen and Miller, 2004), Panicum mosaic virus
(Batten et al., 2006) and Maize necrotic streak virus (Scheets
and Redinbaugh, 2006). Still, luteoviruses and tombusviruses
possess uncapped/non-polyadenylated mRNAs, and hence our
study of the BRV 3′ CITE suggests that long-distance base
pairing between the NTRs can also contribute to translational
efficiency of uncapped/polyadenylated mRNAs (Fig. 4).
Another difference between BRV and BYDV is the length of
a base pairing region, 9 and 5 nt, correspondingly. Nonetheless,
the length of the BRV complementary stretch is equal to that of
TBSV.
In our experiments, the cap stimulated translation of the
wild-type 2F2-A50 and double mutant 9C5′/9C3′-A50 5.2- toFig. 3. Contribution of base pairing between the BRV NTRs into translation from the fluc reporter mRNA. (A) Sequence comparison of the SL-1 and SL-14 of the
RNA2 3′ NTRs for different BRV isolates. The inverted sequence of the Type isolate RNA2 5′ SL is indicated to illustrate a base pairing potential. Both pairs of
putative complementary interactions (9C5′/9C3′ and 9C5′/6C3′) are shown. The complementary regions 9C5′, 9C3′ and 6C3′ of the Type isolate and the
corresponding conserved 3′ NTR segments of other isolates are depicted by white letters on gray. Covariations, supporting the SL structures, are designated by black
letters on gray. Gray letters show nucleotide changes, dispensable or not supporting the SL structures. Stem sequences are underlined. Numbers correspond to
nucleotide positions in RNA2. The SL-1 sequence of the Czech Republic isolate is not known. (B) Sequences of the SL-1 and SL-14 of the RNA1 3′NTR for the Type
BRV isolate. The inverted sequence of the Type isolate RNA1 5′ SL is indicated to illustrate a base pairing potential. The stop codon is boxed. Numbers correspond to
nucleotide positions in RNA1. Other designations are as in panel A. The RNA1 3′ NTR sequences of other isolates are not known. (C) Base pairing potential for the
BRV NTRs in the wild-type (WT) and the site-directed mutant fluc RNAs. The mutant constructs are named according to mutated sequences, and their names are
boxed. White letters on black background show mismatches, introduced by mutations. Both base pairing candidates (9C5′/9C3′ and 9C5′/6C3′) are presented. (D)
Effect of the base pairing mutations on FLUC expression in N. benthamiana protoplasts. FLUC activity was measured following cell lysis 6 h after electroporation
with 5 pmol of the indicated transcript, as described in Materials and methods. Black bars, uncapped mRNAs; gray bars, capped mRNAs. The columns and bars
represent the means and standard deviations, respectively, for three independent experiments, with each protoplast electroporation performed in triplicate. The
expression from 2F2-A50 RNA is set at 100%. (E) Time-course analysis of in vivo FLUC expression from the wild-type and base pairing mutants. The graphs show
time-course accumulation of FLUC produced from indicated RNAs after electroporation into N. benthamiana protoplasts. The values for translational efficiencies and
mRNA functional half-lives (t1/2), determined as described in Materials and methods, are presented in the table. RLU, relative light units.
Fig. 5. Complementarity between the stem-loops in the 5′ and 3′ NTRs of RNA2 (A) and RNA1 (B) in members of the genus Nepovirus. The complementary regions are depicted by white letters on gray. Stem sequences
are underlined. Gray letters show stop codons. Numbers correspond to nucleotide positions in RNA2 (A) or RNA1 (B). Gaps (dots) were introduced to improve alignment. ArMV, Arabis mosaic virus; BRSV, Beet
ringspot virus; CNSV, Cycas necrotic stunt virus; CRLV, Cherry rasp leaf virus; GARSV, Grapevine Anatolian ringspot virus; GCMV, Grapevine chrome mosaic virus; GDefV, Grapevine deformation virus; GFLV,
Grapevine fanleaf virus; OLRSV, Olive latent ringspot virus; PRMV, Peach rosette mosaic virus; RpRSV, Raspberry ringspot virus; TBRV, Tomato black ring virus; ToRSV, Tomato ringspot virus; TRSV, Tobacco
ringspot virus. The RNA1 sequences are not known for GARSV, GDefV and OLRSV. The RNA2 sequence is not known for PRMV.
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185A. Karetnikov et al. / Virology 354 (2006) 178–1915.4-fold (Figs. 2B, 3D), which was not dramatically different
from values observed for other naturally uncapped viral
mRNAs, characterized by cap-independent translation mechan-
ism, like those of TNV-A (4-fold stimulation; Meulewaeter et
al., 2004) and Tobacco etch potyvirus (TEV) (12-fold enhance-
ment; Carrington and Freed, 1990). However, the extent of the
cap stimulation for BRV was much less than for mRNAs
exploiting cap-dependent translation mechanism, e.g. TYMV
(56- to 197-fold enhancement; Matsuda et al., 2004) and
cellular mRNAs (133- to 297-fold stimulation; Gallie, 1991;
Gallie et al., 1995; Meulewaeter et al., 1998). The influence of
the cap was very different for the wild-type versus mutants A2-
A50, 9C3′-A50 and 9C5′-A50, and the cap effectively rescued
translation from these mutants (Figs. 2B, 3D). On the other
hand, each of the three mutations affected translation of capped
versus uncapped transcripts in a considerably distinct way. The
A2 mutation produced 7.1-fold decrease in FLUC expression
for uncapped RNAs, but only 1.3-fold drop for capped RNAs
(Fig. 2B). The 9C5′mutation resulted in 83.3-fold reduction for
uncapped transcripts (100%: 1.2%=83.3), but just 5-fold effect
for capped RNAs (Fig. 3D). The 9C3′ mutation caused 7.7-fold
decrease for uncapped RNAs, but only 3.2-fold drop for capped
RNAs (Fig. 3D). Similarly, the double mutation 9C5′/9C3′
restored translation of the single mutants 9C5′-A50 or 9C3′-A50
in a considerably different manner for capped versus uncapped
transcripts. Compared to 9C5′-A50, the double mutation
produced 178.3-fold increase for uncapped RNAs (214%:
1.2%=178.3; here, 100% is uncapped wild type), but only 11.1-
fold augment for capped RNAs (Fig. 3D). Finally, when
weighed against 9C3′-A50, the translation rescue by the double
mutation was 16.5-fold for uncapped transcripts, but just 7.1-
fold for capped RNAs (Fig. 3D). We explain such distinct
effects of mutations for capped versus uncapped RNAs in the
following way. Uncapped mutants A2-A50, 9C5′-A50 and 9C3′-
A50 have lost a possibility for their mRNAs to be circularized
either by the 5′ NTR–3′ NTR kissing or by cap-poly(A)-
mediated mechanism. Capped wild-type and 9C5′/9C3′-A50
RNAs possess functional redundancy: two ways for the mRNA
to be circularized—by 5′–3′ kissing and by cap-poly(A)
mechanism. Capped A2-A50, 9C5′-A50 and 9C3′-A50 mutant
RNAs do not have anymore the 5′ NTR–3′ NTR base pairing,
but still may be able to use cap-poly(A) circularization. Thus,
the 5′ NTR–3′ NTR kissing interaction is likely not to be
absolutely required for capped RNAs (although it still might
contribute to their translation) but is required for maximal
stimulation of uncapped RNAs in our system. Similar (in some
aspects) functional redundancy has been previously described
for reporter capped/polyadenylated RNAs with the TEV 5′
leader (Gallie et al., 1995).
It is worth mentioning that the region 9C5′ comprised a
YUNR-type U-turn motif (where Y=pyrimidine, R=purine,
N=any nucleotide), represented by nt 18–21 (CUAG) (Figs.
3C, 4). The U-turn motifs have been shown to facilitate fast
RNA–RNA interactions in different unrelated systems, like
anticodon loops of tRNAs, rRNAs (Gutell et al., 2000) and
prokaryotic antisense RNA regulated systems, e.g. controlling
translation (Franch and Gerdes, 2000; Franch et al., 1999). Thelong-range base pairing between U-turn-containing SLs has
been demonstrated to be important for translation of BYDV
(Guo et al., 2001; Meulewaeter et al., 2004) and TBSV (Fabian
and White, 2004, 2006). Furthermore, the segment 9C3′
contained a GNRNA motif GGAGA (nt 5061–5065) (Figs.
3C, 4). Such motifs are similar to GNRA regulatory motifs,
mediating RNA–RNA and RNA–protein interactions, and they
have been found, e.g. in BYDV, TNV-A, TNV-D (Shen and
Miller, 2004) and bacteriophage lambda (Legault et al., 1998).
The restorative mutant 9C5′/9C3′-A50, which exhibited very
efficient FLUC expression, 214% of the wild type (Fig. 3D),
lacked the U-turn and GNRNA motifs (Fig. 3C), implying that
the canonical forms of the motifs were not essential. Such
tolerance to a partial change in RNA motifs is in common with
TBSV, where the double mutant with the modified YUNR also
showed very efficient translation, 160% of the wild type (Fabian
and White, 2004, 2006). In contrast, the BYDV base pairing
system was more sensitive to even small changes of loop
sequences, irrespective of the U-turn integrity, and consequently
these elements were proposed to perform other functions, in
addition to the 5′ NTR–3′ NTR communication (Guo et al.,
2001).
We could not find any substantial similarities in nucleotide
sequences and secondary structures of the 3′ CITE regions and
the corresponding 5′ SLs between BRV and other viruses with
functionally proven 3′ CITEs, members of the families Luteo-
viridae—BYDV, and Tombusviridae—TBSV, TNV-A and
TNV-D (Fig. 6 and data not shown). In the base pairing 5′
SLs, the only common elements for all the six RNAs were U-
turns, although with different sequences. The longest sequence
stretch, identical between BRVand TBSV, had a length of only
5 nt (CCUAG in the 5′ SL) and was overlapping with the U-turn
(Fig. 6). Even less similarity was observed in the 3′ CITEs.
Furthermore, the 3′ complementary segments of both BRV
RNAs resided closer to the stop codon, compared to other
viruses (Fig. 6).
Role of the BRV poly(A) tail in translational stimulation
The regulatory roles of the poly(A) tail and PABP in
translation have been extensively studied in many systems
(Gallie, 1991; Kahvejian et al., 2001, 2005; Kühn and Wahle,
2004; Mangus et al., 2003), and these elements are supposed to
act at multiple steps during translation (Kahvejian et al., 2005).
Therefore, it is always important to investigate the function of
the poly(A) tail in mRNAs containing it. We studied a role of
the poly(A)50 tail in translation of the fluc reporter RNA,
containing the NTRs of BRV RNA2. In our experiments with N.
benthamiana protoplasts, removal of the poly(A)50 tail reduced
FLUC expression 4.2-fold (Fig. 2). For other viral polyadeny-
lated mRNAs, the stimulatory effect of the poly(A) tail on
expression has been previously shown to be higher than for
BRV: 100-fold for CBV3 (Dobrikova et al., 2006) and 13-fold
for TEV (Gallie et al., 1995). However, two important points
should be considered when trying to compare these three viral
systems. First, for both CBV3 and TEV, the poly(A) tail acts
synergistically with the 5′ NTR IRES (Bergamini et al., 2000;
Fig. 6. Sequence comparison of the 5′ and 3′ base pairing SLs of BRVand representatives of Tombusviridae and Luteoviridae families. The complementary regions are depicted by white letters on gray. Stem sequences
are underlined. Gray letters show stop codons. Numbers correspond to nucleotide positions in the corresponding RNA. Gaps (dots) were introduced to improve alignment. Distances between stop codons and the
respective 3′ complementary sequences are indicated on the right. BYDV, Barley yellow dwarf virus; TBSV, Tomato bushy stunt virus; TNV, Tobacco necrosis virus; gRNA, genomic RNA; sgRNA, subgenomic RNA.
Structure predictions are based on Guo et al. (2001) (BYDV), Fabian and White (2004) (TBSV), Meulewaeter et al. (2004) (TNV-A), Shen and Miller (2004) (TNV-D).
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known whether a synergy exists between the poly(A) tail and
the 5′ NTR or any other RNA elements. Second, both CBV3
and TEV mRNAs possess very short 3′ NTRs: 100 nt for CBV3
and 185 nt for TEV. In contrast, the 3′ NTR of BRV RNA2 is
very long, 1363 nt. Thus, weakening the quantitative stimula-
tory effect of the poly(A) tail seems to correlate with increasing
the length of the viral 3′ NTR, when comparing sequentially
CBV3, TEV and BRV. This observation is in good agreement
with earlier studies, which have demonstrated that, for fluc
mRNAs with non-viral NTRs, the quantitative stimulation of
expression by the poly(A) tail decreases with lengthening the 3′
NTR. For mammalian cells, the stimulation has dropped from
50.7-fold with 27-nt 3′ NTR to only 2.2-fold with 161-nt 3′
NTR (Tanguay and Gallie, 1996a). For carrot protoplasts, a
similar decrease has been reported, from 24.5-fold with 27-nt 3′
NTR down to 9.6-fold with 161-nt 3′NTR (Tanguay and Gallie,
1996b).
However, the stimulatory effect of the BRV poly(A) tail on
translational efficiency was quantitatively comparable with that
of the 3′ CITE, found in this work (see above), implying that the
poly(A) tail is clearly essential for BRV translation. To our
knowledge, this is the first study of the regulatory role of the
poly(A) tail, comprised in mRNA with such a long 3′ NTR.
Putative role of BRV VPg in translation
In addition to the poly(A) tail, a putative VPg, covalently
bound to the 5′ end, might also play a role in translational
regulation. Although the presence of the covalently linked VPg
has not been directly demonstrated for BRV genomic RNAs,
one would expect it to be present on the 5′ ends, by analogy
with other members of the Comoviridae family (Mayo and
Robinson, 1996). The role of VPg in translatability of viral
RNAs has been under debate.
On the one hand, VPg of potyviruses has been shown to bind
eIF4E, eIF(iso)4E (Leonard et al., 2000, 2004; Michon et al.,
2006; Miyoshi et al., 2006; Wittman et al., 1997) and PABP
(Leonard et al., 2004). Similarly, in vitro interaction between the
nepoviral VPg-protease fusion protein and eIF(iso)4E has been
reported for ToRSV (Leonard et al., 2002). Removal of VPg
from caliciviral mRNA decreases in vitro translation (Herbert et
al., 1997), and interactions between caliciviral VPg and eIF3
(Daughenbaugh et al., 2003) and eIF4E (Goodfellow et al.,
2005) seem to support in vitro translation. However, signifi-
cance, if any, of all these interactions for translation in vivo is
not known (Dreher and Miller, 2006). Moreover, potyviral VPg
has been proposed to participate in the infection-associated host
translation shutoff, instead of directly affecting viral mRNA
translation (Cotton et al., in press).
On the other hand, VPg, present on genomic RNA of
picornaviruses, is removed before translation and is absent
from mRNA (Hewlett et al., 1976; Nomoto et al., 1976,
1977). For BRV, it is not known whether VPg is present on
mRNAs. VPg is not required for either infectivity or in vitro
translation of Cowpea mosaic comovirus (Stanley et al.,
1978). Although VPg of three nepoviruses – TRSV, Cherryleaf roll virus and Tomato black ring virus (TBRV) – is
required for infectivity, it is dispensable for in vitro trans-
lation (Chu et al., 1981; Hellen and Cooper, 1987; Koenig
and Fritsch, 1982). In our in vivo experiments, the reporter
fluc mRNA with the BRV NTRs was efficiently translated
without VPg, in accordance with earlier data for potyviruses
(Basso et al., 1994; Niepel and Gallie, 1999). More direct
studies are needed to compare in vivo translatability of viral
mRNAs with and without covalently linked VPg.
In conclusion, we found a 3′ CITE in the 3′ NTR of BRV
RNA2, which must base pair with the 5′ NTR to facilitate
translation. To our knowledge, this is the first report on a TE in
nepoviral NTRs. Based on the absence of similarity in
nucleotide sequences and secondary structures between BRV
and other viruses, we conclude that we identified a new class of
3′ CITE. Our data suggest that such a mechanism of cap-
independent translation, mediated by long-distance 5′–3′ base
pairing, may be used not only by non-polyadenylated viral
mRNAs, but also by RNAs having a poly(A) tail, including
those of different nepoviruses.
Materials and methods
GenBank accession numbers
The GenBank accession numbers of the BRV 3′ NTR
nucleotide sequences have been reported previously (Lehto et
al., 2004), except for BRV Czech Republic, AY525549. The
BRV isolate, previously named “Canada” (AF321568), was
renamed to “Scotland”, to correspond to its real origin. Other
accession numbers are: Arabis mosaic virus (NC_006057 and
NC_006056), BYDV (D85783), Beet ringspot virus
(NC_003693 and NC_003694), Cherry rasp leaf virus
(NC_006271 and NC_006272), CNSV (NC_003791 and
NC_003792), GARSV (AY291207), Grapevine chrome mosaic
virus (NC_003622 and NC_003621), Grapevine deformation
virus (AY291208), Grapevine fanleaf virus (NC_003615 and
NC_003623), Olive latent ringspot virus (AJ277435), PRMV
(AF016626), Raspberry ringspot virus (NC_005266 and
NC_005267), TBRV (NC_004439 and NC_004440), TBSV
(NC_001554), TNV-A (NC_001777), TNV-D (NC_003487),
ToRSV (NC_003840 and NC_003839), TRSV (NC_005097
and NC_003839).
RNA secondary and tertiary structure predictions
RNA secondary and tertiary structures were predicted by
RNA folding simulations, using a genetic algorithm (Gultyaev
et al., 1995), implemented in the package STAR (http://
wwwbio.leidenuniv.nl/~batenburg/STAR.html), at 25 °C. The
structures were visualized using the PseudoViewer2 program
(Han and Byun, 2003).
cDNA constructs
Virion BRV RNA was isolated from infected Chenopodium
quinoa plants, as described previously (Lemmetty et al., 1997).
188 A. Karetnikov et al. / Virology 354 (2006) 178–191Full-length RNA2 cDNAwas produced from virion RNA, using
the oligo(dT)18 primer and the Superscript cDNA synthesis kit
(Gibco BRL). The T7 promoter sequence was fused to the full-
length clone to initiate transcription from the first viral nucleotide.
The clone pPVc702, containing Photinus pyralis (firefly)
luciferase reporter gene (fluc), was a kind gift of Matti Karp and
Pekka Virtanen (University of Turku, Finland). To obtain the
construct 2F2, the fluc gene was PCR-amplified with primers 1
and 2, the RNA2 3′ NTR—with primers 3 and 4, the RNA2 5′
NTR—with primers 5 and 6 (Table 1). The corresponding DNA
fragments were digested with relevant restriction endonucleases
and cloned into pUC19 (Fig. 2A). For designing the construct
2F2-A50, two complementary oligonucleotides, 7 and 8 (Table
1), were introduced into 2F2, using the restriction sites HindIII
and PscI.
For creating the clone A2-A50, the PstI–XhoI fragment of
the RNA2 3′NTR in 2F2-A50 was replaced by BRV nucleotides
5149–5575, PCR-amplified with primers 9 and 10 (Table 1). To
produce B2-A50, 2F2-A50 was digested with XhoI, blunt-ended
with Klenow enzyme (Promega) followed by digestion with
BalI and religation. To generate the construct C2-A50, the
XhoI–HindIII fragment of the RNA2 3′ NTR in 2F2-A50 was
replaced by BRV nucleotides 6059–6405, PCR-amplified with
primers 11 and 4 (Table 1). For obtaining D2-A50, 2F2-A50 was
digested with BfrBI, blunt-ended with T4 DNA polymerase
(Fermentas) followed by digestion with HindIII, blunt-ending
with Klenow enzyme and religation.
To produce the clones 9C3′-A50 and 6C3′-A50, the regions of
2F2-A50 upstream and downstream of the correspondingTable 1
Oligonucleotides used in this study
Number a Nucleotide sequence b
1 GTCGACatgaggggatccgaag
2 CTGCAGttacaatttggactttc
3 CTGCAGtagcgatgtgcacg
4 gAAGCTTgaaaggacatttcag
5 agGAGCTCtaatacgactcactatagggttttcaaaagttctc
6 GTCGACggtaaagcaaaccaaaac
7 AGCTT(a)50A
8 CATGT(t)50A
9 CTGCAGccacgatgtgaatcatg
10 CTCGAGtggacgaattac
11 GAGcattggatgaggtcc
12 GCATGCcagagatcc
13 ATCGATacgtgcacatcgctat
14 ATCGATgataaatagctagtatc
15 CTCGAGatgggagtcatgccatc
16 ATCGATactagaaacatctt
17 ATCGATtggatgagg
18 GACGTCtaagaaacc
19 ATCGATgagaacttttgaaaac
20 ATCGATaacttttcccacctc
21 GCATGCgagaatctg
a Oligonucleotides 7 and 8 represent the complementary linkers encoding the pol
b Sequences of restriction sites, used for cloning, are in capitals. The sequence of
c Oligonucleotides 7 and 8 contain only partial sequences of the relevant restrictio
d Nucleotide (nt) positions are shown for BRV RNA2 (primers 3–6, 9–11, 13–17
e Not applicable.mutated site (nt 5058–5063 and 6046–6051, correspondingly)
were PCR-amplified with two pairs of primers. For 9C3′-A50,
the primers 12+13 (upstream region) and 14+10 (downstream
region) were used. The primers 15+16 (upstream part) and
17+4 (downstream part) were designed for 6C3′-A50 (Table
1). The resulting PCR products were inserted into pCR-
BluntII-TOPO (Invitrogen) and accumulated in the dam
Escherichia coli strain K12 ER2925 (New England Biolabs).
The corresponding fragments, digested with SphI/ClaI and
ClaI/XhoI, respectively, were ligated and introduced into 2F2-
A50, digested with SphI and XhoI. Similarly, the construct
9C5′-A50 was designed by replacing nt 16–21 of the RNA2
5′ NTR with the ClaI restriction site, using the primers 18+19
(upstream region) and 20+21 (downstream part) (Table 1) and
the sites AatII and SphI of 2F2-A50.
To create the clone 9C5′/9C3′-A50, the SacI–SphI fragment of
9C3′-A50 was replaced by the SacI–SphI fragment of 9C5′-A50.
In vitro transcription
DNA templates were linearized by HindIII (2F2) or PscI
(2F2-A50 and its derivatives). RNAs were synthesized using the
RiboMAX kit (Promega), according to the manufacturer's
instructions. For producing capped transcripts, the molar ratio
m7G cap:GTP=6.25:1 was used, providing >95% capping
efficiency (Leathers et al., 1993). Transcripts were purified with
the MEGAclear columns (Ambion). RNA purity and total RNA
concentration was determined by spectrophotometry. RNA
integrity was estimated by 0.8% agarose gel electrophoresis,Restriction site
encoded c
Nucleotide
position d
SalI 1–16
PstI 1646–1662
PstI 5043–5056
HindIII 6391–6405
SacI 1–15
SalI 144–161
HindIII, PscI NA e
PscI, HindIII NA e
PstI 5149–5165
XhoI 5564–5575
XhoI 6059–6073
SphI 669–683
ClaI 5042–5057
ClaI 5064–5080
XhoI 5577–5599
ClaI 6032–6045
ClaI 6062–6073
AatII 2617–2631
ClaI 1–15
ClaI 22–36
SphI 660–674
y(A)50 tail. Other oligonucleotides correspond to the PCR primers.
the T7 promoter is underlined.
n sites.
, 19, 20), fluc cDNA (primers 1, 2, 12, 21) and pUC19 (primer 18).
189A. Karetnikov et al. / Virology 354 (2006) 178–191and relative concentration of full-length transcripts was
quantified using AlphaEaseFC software (Alpha Innotech).
In vivo expression and protein analysis
Protoplasts were isolated from leaf mesophyll tissue of 2-
week-old N. benthamiana plants by digestion with 0.5%
cellulase “Caylase 345” and 0.2% pectinase “Caylase M2”
(Cayla). The protoplasts were purified on one-step sucrose
gradient and washed in 0.6 M mannitol. Approximately, 2 ·105
cells were resuspended in 500 μl of electroporation buffer
(150 mM NaCl, 4 mM CaCl2, 10 mM HEPES, pH 7.2, 0.4 M
mannitol, 2% sucrose). Protoplast electroporation was per-
formed using 5 pmol RNA, 4 mm gap cuvettes and the Gene
Pulser II (BioRad), set at 200 V and 1250 μF (the Gene Pulser
was kindly provided by Ari Hinkkanen, Åbo Akademi
University, Turku, Finland). Each experiment was repeated
three times, with each electroporation performed in triplicate.
After electroporation, the protoplasts were incubated at 25 °C for
6 h, in Gamborg's medium (Sigma), supplemented with 0.5 M
mannitol, 2% sucrose, 0.5% MES, 5.1 mM CaCl2·2H2O,
3.12 mM NH4NO3, 0.1 μg/ml NAA, 0.2 μg/ml BAP, 100 μg/
ml cefotaxime, 10 μl/ml amphotericin B (Sigma).
The cells were lysed by shaking for 15 min at room
temperature in 100 μl of Passive Lysis Buffer (Promega)
followed by two freeze–thaw cycles. Fifty microliters of cell
lysates was taken for luciferase assays, performed in
duplicate, in 200 μl of FLUC assay buffer (Leathers et al.,
1993), using a BioOrbit-1250 luminometer (BioOrbit, Turku,
Finland), kindly provided by Matti Karp. FLUC activity was
normalized to the total protein concentration, measured by the
method described by Bradford (1976). Translational efficiency
was estimated as the rate of protein synthesis during a
transient steady-state phase of translation and corresponded to
the maximal slope of the curve describing the kinetics of
FLUC production. mRNA functional half-life was determined
as the time required, following mRNA delivery, to reach 50%
of the final FLUC level produced from a given mRNA
(Gallie, 1991).
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